Capture of Hydrogen Using ZrNi 
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Water, as ice, is thought to reside in craters at the lunar poles along with CH4 and 
H 2 . A proposed robotic mission for 2012 will utilize metal/metal hydrides for H 2 recov- 
ery. Specifications are 99% capture of H 2 initially at 5 bar and 100 °C (or greater), and 
degassing completely at 300 °C. Of 47 systems examined using the van't Hoff equa- 
tion\ 4 systems, Mg/MgH 2 , Mg 2 Ni/Mg 2 NiH 4 , ZrNi/ZrNiHzs, and Pd/PdHo. 77 , were con- 
sidered likely candidates for further examination. It is essential, when selecting a sys- 
tem, to also examine questions regarding activation, kinetics, cyclic stability, and gas 
impurity effects. After considering those issues, ZrNi was selected as the most promis- 
ing candidate, as it is easily activated and rapidly forms ZrNiH 2 . 8 - In addition, it resists 
oxide poisoning by CO2, and H2O, while some oxidation by O2 is recommended for im- 
proved activation.^ 

The presence of hydrogen in the as received Zr-Ni alloy from Alfa Aesar posed ad- 
ditional technical problems. X-ray diffraction of the Zr-Ni powder (-325 mesh), with a 
ZrNi wt% ratio of 70:30, was found to consist of ZrH 2 , ZrNiH 2 . 8 , and ZrNi. ZrH 2 in the 
alloy presented the risk that after degassing that both Zr and ZrNi would be present, and 
thus lead to erroneous results regarding the reactivity of ZrNi with H 2 . Fortunately, ZrH 2 
is a highly stable hydride that does not degas H 2 to any significant extent 
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at temperatures below 300 °C. Based on equilibrium calculations for the decomposition 
of ZrH 2 , only 1 millionth of the hydride decomposed at 300 °C under a N 2 atmosphere 
flowing at 25 ccm* for 64 hours, the longest time for pretreatment employed in the inves- 
tigation. It was possible, from the X-ray results and knowledge of the Zr:Ni ratio, to 
compute the composition of a pretreated specimen as being 76 wt% ZrNi and the bal- 
ance ZrH 2 . 

A schematic drawing of the apparatus used in the investigation is presented in Fig- 
ure 1 . It consists of a gas delivery system (mass flow controllers, mixer, and preheater), 
hydride reactor (furnace and temperature controller), and monitoring instruments (pres- 
sure transducer, thermocouples with digital readouts, volumetric flowmeter, and gas 
chromatograph (GC)). The hydride reactor consisted of an outer heating element sur- 
rounding 2 clamshell shaped aluminum blocks that fitted tightly around the stainless 
tube that contained the solid reactant. The length and diameter of the bed containing 
the solid reactant were approximately 5 cm and 1 cm respectively. The aluminum clam 
shells and preheater were used to produce a uniform temperature within the reactor. 

A typical experiment began by pretreating the specimen at 300 °C under a flowing 
atmosphere of N 2 at 25 ccm for a minimum of 16 hours to remove residual hydrogen 
from the ZrNiH 2 . 8 - After pretreating the specimen the N 2 flow rate was set, unless speci- 
fied otherwise, at 80 ccm, and the hydride furnace, preheater and heating tape powered 
to achieve the desired specimen temperature. Usually 10 to 20 minutes after the 
specimen was at temperature, the flow of H 2 was set at approximately 20 ccm unless 
stated otherwise. During an experiment, the temperatures of the gas entering and 


' All volumetric flow rates, volumes H 2 sorbed and desorbed, and superficial velocities are reported at 293 
K and 1 bar. Flow rates are in ccm (cm^/min). 




leaving the hydride furnace, and the temperature of the furnace itself, were monitored 
along with the volumetric flow rate of gas leaving the system. The transducer was used 
to monitor pressure upstream of the reactor, arid the flowmeter (by indirect means) and 
GC (by direct means) were used to monitor the composition of the gas leaving the ap- 
paratus. After saturating a specimen with hydrogen, a small portion of the gas flow was 
diverted, from upstream of the hydride furnace, directly to the GC to obtain the composi- 
tion of the inlet gas. That information was used to calculate the volumetric percent of H2 
sorbed during an experiment. After obtaining that final GC reading, power to the fur- 
nace, preheater, and heating tape was discontinued, and the system allowed to cool to 
room temperature before discontinuing the flow of H2. The system was then flushed . 





with N 2 until the GC could no longer detect the presence of H 2 , and then the power to 
the furnace, preheater, and heating tape restored. The furnace temperature was raised 
to 300 °C, and the extent H 2 evolved was followed using both the GC and the flowmeter. 
After degassing, the N 2 flow rate was reduced to 25 ccm and the system purged over- 
night at 300 °C. 

Accuracy, regarding sorption and desorption results, was tested by comparing val- 
ues obtained with the GC to those obtained with the flowmeter. With knowledge of the 
flow rates of both N 2 and H 2 entering the experimental apparatus and data obtained with 

the GC and flowmeter, it was possible to 
compute the percent H 2 sorbed and, 
during degassing, the volume of H 2 
evolved. Example of results obtained 
with the 2 techniques during degassing 
is presented in Figure 2. The compari- 
son reveals excellent agreement be- 
tween the two methods. 

Experiments were run to examine the impact of process variables on activation, 
sorption, desorption, and structure of the reacted specimens. All specimens in this in- 
vestigation self activate at a partial pressure of H 2 ) equal to 0.2 bar and tempera- 
tures as low as 100 °C. Activation was also achieved at temperatures as low as 22 °C, 
but at higher pressures of pure H 2 {P „^ ). Typical results are presented in Figure 3(a) for 

the reaction 



Fig. 2 - Comparison of techniques for 
monitoring H 2 desorption. 


ZrNi(s) + 1.4H2(g) = ZrNiH 2 . 8 (s) 


(1) 





Fig. 3 Typical experimental results, (a) sorption and 
(b) desorption. Initial mass of as received specimen was 13.06 grams. 

and for the degassing of the hydride in Figure 3(b). During an experiment, gas flowed 
down through a fixed bed of the powdered specimen. Resistance to gas flow through 
the bed increased, as indicated by the rise in gas pressure upstream of the bed as 
shown in Figure 3(a). The rate of increasing pressure declined as the percentage of H 2 
being sorbed declined. This result suggests swelling occurs upon conversion of ZrNi to 
ZrNiH 2 . 8 - The pressure upstream of the hydride furnace dropped as hydrogen was de- 
sorbed as shown in Figure 3(b), indicating that the swelling process is reversible. Parti- 
cle dusting can occur as a result of repeated swelling and contraction, as such each 
specimen employed in this investigation was limited to 4 cycles. Scanning electron mi- 
croscopy revealed no detectable change in particle size after 4 cycles. 







Results of thermal gravimetric 
analysis (TGA) and differential scan- 
ning calorimetry (DSC) presented in 
Figures 4 and 5 suggest that a speci- 
men resists oxidation at temperatures 
up to 300 °C. In Figure 4 the as re- 
ceived material was heated to 350 °C. 
Decomposition of ZrNiHae (an endo- 
thermic reaction), in that material, be- 
gins at 140 °C and is complete at 260 
°C. This was also found true of reacted specimens. Further heating of the specimen 
resulted in additional weight gain. As a result of that weight gain, a second specimen, 
first reacted with H 2 and degassed at 
300 °C, was examined using both 
TGA and DSC. The results of that 
examination, presented in Figure 5, 
reveal that the weight gain observed 
in Figure 4 at temperatures above 
300 °C continues at temperatures up 
to 800 °C with an overall weight gain 
of 30.5 percent. The DSC results 
indicate that the weight gain is due 
to an exothermic process that was 
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Fig. 5 - DSC and TGA results of specimen 
first reacted with H 2 and then degassed at 
300 °C. 
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Fig. 4 - DSC and TGA results of 
as received material 





attributed to reaction of the specimen with either O 2 impurity in the N 2 gas used with the 
instrument, or with N 2 itself. 

Likely exothermic reactions, producing the weight percent increase observed in 
Figure 5, are summarized in Table I. The initial weight gain, observed at temperatures 
below 100 °C in Figures 4 and 5, is attributed to drag or change in buoyancy, as an inert 
specimen produced a similar weight gain. Thus the overall weight increase observed in 
Figure 5 amounts to approximately 29%. Comparison of the observed increase in wt% 
with those calculated for the different scenarios presented in Table I suggests that all Zr 
in the specimen was oxidized at temperatures above 300 °C, while Ni, a more noble 
metal, was not oxidized. That result suggests that ZrNi, used in sorption of H 2 will resist 
oxidation by O 2 up to 300 °C. 


Table I Impact of Possible Reactions on Weight of Pretreated Specimen* in 
DSC/TGA Experiment 


Reactant & 
Products 

Reactions 

Total Change 
in Specimen 
Weight (wt%) 

All Zr converted to ZrN, & all H 
evolved as H 2 

ZrH 2 +1/2N2(g) = ZrN +H 2 (g) 
ZrNi + 1/2N2(g) = ZrN + Ni 

13.2 

All Zr converted to Zr02, & all H 

ZrH2 +02(g) = Zr02 +H2(g) 

30.8 

evolved as H 2 (or H 2 O) 

ZrNi + 02 (g) = Zr02 + Ni 

All Zr & Ni converted to Zr02 and 
NiO, & all H evolved as H 2 (or 
H 2 O) 

ZrH2 +02(g) = Zr02 +H2(g) 
ZrNi + 3/202(g) = Zr02 + NiO 

42.4 


specimen consists of 76 wt% ZrNi and 24 wt% ZrH 2 


Temperature was found to significantly impact both rate and extent of H 2 sorption. 
A flowing gas of H 2 and N 2 passed through a powdered specimen reveals that after 40 
to 80 minutes only 75 cm^ of H 2 are sorbed at 100 °C, while at 1 10°C the volume is 140 
cm^, and at 150 °C it increases to over 900 cm^ as shown in Figure 6. The extent of 
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Fig. 6 Impact of temperature on 
capture of H 2 with ZrNi 
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Fig. 7 - Impact of temperature and 
pressure on sorption of H 2 . Initial mass of 
as received specimen was 12.89 g. 


conversion of ZrNi to its hydride, for all 
experiments run at 150 °C and at an 
initial total pressure of 1 bar with 
Pfj^ » 0.2 bar, was 30 to 45%. The 

data in Figure 6 also reveal that the 
rate of sorption at 1 50 °C retains a 
significantly higher value, over a sig- 
nificant greater volume of H 2 sorbed, 
than observed at the lower tem- 
peratures. 

The impact of temperature on the 
sorption process was also examined at 
higher pressures using a closed sys- 
tem. These experiments were run with 
a single specimen that was pretreated 
by heating to 300 °C under flowing N 2 
for a minimum of 16 hours, and then 
cooled to room temperature prior to 
exposure to H 2 . Once the specimen 
was at room temperature, the system 
was flushed with H 2 at 48 ccm for a 
period of 1 5 minutes to remove N 2 
from the system as determined with 





the GC. At the end of that period the exit stream was sealed and the system allowed to 
pressurize with H 2 to 55 psia before completely sealing the system. After pressurizing 
the system, the furnace temperature was raised to the desired value. During the entire 
process, pressure and temperature within the reactor were recorded as a function of 
time, and the results plotted in Figure 7. This process was identical for the 3 experi- 
ments. The large open symbol for each experiment in the figure represent the time at 
which the hydride furnace achieved the desired temperature. The results, in Figure 7, 
for experiments conducted at the lower temperatures are offset 1 0 and 28 minutes for 
purpose of clarity. The figure also contains information on the leak rate that was ob- 
tained with N 2 at 22 °C, 100 °C and 150 °C, and used to make minor correction to the 
slope of the lines plotted in Figure 8. 

The intent of these experiments was to obtain the rate of reaction as a function of 
. By obtaining the derivative, jdt , it is possible to relate the rate moles of H 2 

consumed per unit time through the ideal gas law where 

dP„Jdt = [RT^Iv)dn„Jdt. (2) 

Although the temperature of the gas within the pressurized volume varies, there is an 
effective temperature. Ter, that satisfies the ideal gas law. 

Proof that an effective temperature exists is obtained by dividing the total volume 
into z volume elements, where z is a large number. Each volume element is small 
enough, such that the ideal gas law accurately represents each element. The size of 
each volume element can vary, but the number of moles of gas in each element is con- 
stant, and represented by An. By writing the ideal gas law for each volume element and 
summing the equations yields: 



F, = ^nRT , ) + V, = A«PP^ ) + 


(3) 


Pn^I^Vi = ^nR±T, 


V .=1 



PV = n,RT^, , 


(5) 


from which equation 2 was obtained. 


Fig. 8 - Rate of sorption as function of the 
pressure: of H 2 . Data points indicate values of 
dPfjJdt obtained from the curves in Figure 7 

and corrected for the leak rate. 


In this investigation, the effec- 
tive temperature for all 3 experiments was approximately room temperature. The leak 
test with N 2 , conducted at 22 °C, 100 °C, and 150 °C, revealed both little change in 
pressure with respect to time and almost no difference in volume for the 3 temperatures 
as shown in Figure 7. That result reflects the fact that the free space in the hydride re- 
actor is small in comparison to the total pressurized volume. Since the pressure did not 
increase significantly with increasing temperature during the leak test, and since the 
majority of the volume of the pressurized system was at room temperature, Tef was ap- 
proximately 293 K. While an effective temperature is used to convert the change in 




pressure to the change in moles in equation 2, the temperatures reported in Figures 7 
and 8 reflect the actual values within the hydride reactor. 

Normally, experiments are run at a fixed pressure of H 2 to evaluate kinetic proc- 
esses. A constant value of could not be achieved with the closed system, nor with 

a flowing gas in the open system. The pressure drops in the closed system as a result 
of H 2 consumption, while with the flowing gas, the pressure drop across the bed in- 
creases significantly with hydride formation. In spite of this drawback, the closed sys- 
tem with the pressurized reactor provided some significant results. Values of dPjjJdt 

were found to vary linearly with as shown in Figure 8, indicating that the rate of re- 
action is 1®‘ order with respect to the concentration of H 2 . Since pure H 2 was used in 
these experiments, the likely rate controlling mechanisms are chemical or solid-state 
diffusion of hydrogen through a protective layer of hydride. The latter mechanism would 
involve diffusion of monatomic hydrogen through the hydride iayer^, and thus the rate of 
reaction would be proportional to „JP^ . Since that dependency was not observed, it 

appears that at 22 °C and 100 °C the rate of reaction is initially controlled by a chemical 
step that is order with respect to . 

The lines in Figure 8 must pass through the origin, as the rate of reaction must go 
to 0 as Pfj^ goes to 0. Thus, the slopes of the lines obtained at 22 °C and 1 00 °C must 

change at lower values of P^^ , suggesting a change in mechanism. Since no hydride 

layer exist initially, the change in mechanism is probably due to a shift from chemical 
control to that of diffusion of H through the hydride layer. Such a change in mechanism 
must result in decreasing slope of the line as P„^ declines due to growth of the hydride 



layer that increases the resistance to diffusion. Such a change in slope can be pro- 
jected for the results obtained at 22 and 100 °C. 

Unfortunately, the data at 150 °C are severely limited, but suggest the possibly of 
chemical control, as a straight line emanating frorri the origin can be passed through the 
experimental points. It is not possible, using the 2 data points, to project a change in 
slope of the line, such as that observed at the lower temperatures. That result, and the 
fact a straight line passes through the origin and the data points in Figure 8 at 150 °C, 
implies that the rate of reaction is limited solely by a chemical process. However, based 
on the results obtained at the lower temperatures, formation of the hydride layer encap- 
sulating ZrNi particles is expected to eventually limit the rate of reaction. Given the 
greater volume of H 2 reacted at 150 °C, transfer from chemical control to diffusion con- 
trol was expected. For a chemical step to be the sole rate controlling process at 150 °C, 
there must be a significant increase in the diffusivity of hydrogen in the hydride with in- 
creasing temperature. Such a dramatic increase in the diffusion of hydrogen through , 
the hydride layer may occur due to swelling, or, as in metals, there maybe a change in 
mechanism involving diffusion of hydrogen that occurs with increasing temperature. For 
metals, 4 different mechanisms have been proposed to explain the increasing values of 
the diffusivity of hydrogen with increasing temperature.^ 

The volume of H 2 sorbed with the closed system at 22 °C was experimentally de- 
termined to be 550 cm®. Using that volume, the ideal gas law with the effective tem- 
perature, and the pressure differential corresponding to the volume of gas sorbed, it 
was possible to calculate the pressurized volume (or free space) in the system as being 
780 cm®. With knowledge of the free space it was possible to compute the volume of H 2 



sorbed for pressurized experiments conducted at 100 °C and 150 °C as 830 and 1150 
cm^ respectively. 

Increasing the residence 
time of H 2 in the reactor with a 
flowing system significantly im- 
pacts the extent of sorption. 

The residence time was dou- 
bled by reducing the superficial 
velocity from 2.1 cm/s 1.05 
cm/s while maintaining the 
mole fraction of Ha in the gas at 
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time (min) approximately 0.2. The impact 

of increasing the residence 

Fig. 9 - Impact of residence time on sorption of H 2 . 

time is presented in Figure 9, 

where it is seen that 100% of the hydrogen is sorbed for 60 minutes. The results of that 
experiment are compared to results obtained with the same specimen but at the shorter 
residence time. Increasing the residence time closes the gap between the lines for vol- 
ume available and volume sorbed. 

ZrNi is an excellent candidate for sorption of lunar Ha as ZrNiHa.e- It self activates 
at room temperature equal to 55 psia, and at 100 °C with equal to 0.2 bar. 

Furthermore, the hydrogen can be fully desorbed at 300 °C. Both the sorption rate and 
volume of Ha sorbed, with fixed at 0.2 bar, were found to significantly increase with 

increasing temperature from 100 to 150 °C. Raising Pu^ to 55 psia in a closed system 





produced the same result, namely that both the rate and volume of H 2 sorbed also in- 
creased with increasing temperature. Doubling the residence time by decreasing the 
flow rate achieved the desired result of 1 00% sorption for a period of 60 minutes. 

The authors wish to express their appreciation to Lilliana Fitzpatrick, Tracy 
Gibson, Barbara Peterson, Scott Jolley, and Steve Parks for their advice and assistance 
in completing this investigation. 
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